The mechanical properties of ultrathin silicon oxide (SiO x ) coatings plasma-deposited on poly(ethylene terephthalate) (PET) films were investigated with particular attention paid to the effect of additives located in the superficial layers of the polymer substrate. The cohesive and adhesive properties of the thin oxide coating were derived from the analysis of fragmentation tests carried out in situ in a scanning electron microscope. The cohesive strength of the coating was determined assuming a Weibull probability of failure of the oxide, and the coating/ substrate interfacial shear strength (IFSS) was calculated by means of a stress transfer analysis with a perfectly plastic interface. It was shown that the presence of additives in the superficial layers of PET substrates leads to a 20% decrease of the crack onset strain, which is due to an increase of the coating defect density, as revealed by means of atomic oxygen etching. The stress concentration induced by coating microdefects was modeled, and was shown to induce a decrease in the cohesive properties of the coating, which correlates with the observed decrease of crack onset strain. Moreover, the adhesion was found to be very high, with a IFSS higher than the substrate bulk shear stress at yield, irrespective of the presence of additives. D
Introduction
Plasma-deposited oxide and nitride thin coatings on polymer substrates have emerged in the past decade as gasbarrier composite materials for food and pharmaceutical packaging [1] . Layered materials based on such thin film structures enable extremely low gas permeability, which could be suitable for advanced applications in the field of polymer-based displays [2] . A number of recent studies have shown that the defect structure of the coating control the oxygen and water vapor permeability of the coated film [3, 4] , as also its mechanical behavior such as cohesive and adhesive properties [5] [6] [7] [8] . Nanosized oxide coatings are characterized by the presence of two types of defects, namely microdefects and nanodefects [3] . Microdefects, which comprise pinholes and microcracks are mainly created by plasma arching due to dielectric variations in the plasma environment. Nanodefects, on the other hand, result from the non-equilibrium SiO x formation, and correspond to local stoichiometric variations in the ideal SiO 2 network. In fact, in cases where they are larger than the oxygen molecule diameter, and percolate through the entire coating thickness, nanometric defects affect coating permeability more than micrometric defects covering the same surface [9] . Moreover, flaws or cracks in the coating lead to stress concentrations as soon as the film is mechanically stressed. It is well-known that a maximal stress concentration of 3 occurs at the equator of a circular hole in a thin elastic plate under tension [10] . Sharper defects give rise to much larger stress concentrations. For an elliptic hole of major axis a 1 and minor axis a 2 in a thin plate, the classic result states that the stress concentration r max /r V = 1 + 2(a 1 / a 2 ), where r max and r " represent the maximum stress and the far-field applied stress, respectively. This diverges as 0257 A further source of coating defects include the presence of inorganic additives in the superficial layers of the polymer substrate, such as anti-block particles [11] . These additives protrude on the polymer surface and increase the coating roughness [12 -14] , and are also likely to affect the coating microstructure in the early stages of the deposition process. Whereas additive-induced roughness marginally affects the mechanical properties of the coating [5] , a modification of the microstructure and defect population of the coating is expected to significantly influence the mechanical properties of the coated system.
The present work analyses the effect of substrate additives on the cohesive and adhesive properties of thin silicon-oxide based coatings deposited by plasma enhanced chemical vapor deposition (PECVD) on semi-crystalline poly(ethylene terephthalate) (PET) substrates. To this end, the mechanical properties of the coating determined by means of in-situ in a scanning electron microscope fragmentation tests [15] were analyzed using defect size distributions measured with a reactive ion etching method [16] and analytical calculations of stress concentrations at defect sites.
Experimental methods

Materials
Thin silicon oxide coatings (SiO x ) were deposited by plasma enhanced chemical vapor deposition (PECVD) from hexamethyldisiloxane vapor (HMDSO) on semi-crystalline poly(ethylene terephthalate) (PET) substrates. Two 12 Am thick PET substrates of the same composition were investigated, one containing chemical additives in superficial layers, that form irregular aggregates of typical diameter of a few hundreds of nanometers, and the other being free of these additives. Atomic force micrographs (AFM) of the PET surfaces are reproduced in Fig. 1 . The thickness of the SiO x coating was found to be equal to 10 nm from X-ray fluorescence measurements. The oxygen transmission rate (OTR) of the two types of films, with and without the oxide coating, was measured using an oxygen permeation cell (Mocon OX-TRAN\, Minneapolis) at ambient temperature on 10 cm 2 circular samples, with a resolution of 0.1 cm 3 /m 2 /day, and their mean roughness was measured from the AFM amplitude signal on 1 Â1 Am 2 zones. The results are summarized in Table 1 . The presence of additives clearly increases the roughness of the PET surface, whereas it does not affect the OTR of the bare polymer. In contrast, both roughness and OTR of the coated PET are higher when additives are present, which suggests that the additives increased the density of defects in the oxide layer.
Atomic oxygen etching
Accurate characterization of the defect population of the coating is important in order to discriminate the respective influence of different parameters, such as plasma gas fluxes, substrate surface morphology, and substrate additives, on the coating cohesion and coating/substrate interfacial adhesion. Advanced microscopy techniques (SEM, TEM, AFM) appear to be well suited for this purpose, but they are tedious, and very time consuming. Alternatively, Wer- theimer and coworkers developed a new technique for obtaining the defect density and size distribution of thin silicon oxide coatings on polymers [16] . This method is based on the progressive etching of the polymer substrate exposed to atomic oxygen, at the location of coating defects. Atomic oxygen (AO) plasmas are well-known for their capacity to modify the superficial structure of semicrystalline polymers, whereas they do not affect silicon oxide layers [16] . The stability of silicon oxide in the presence of AO was utilized to determine the presence and size of defects in the thin SiO x coatings, which otherwise would be extremely difficult to observe due to the transparency of both the coating and the substrate. The size of the etched zones was observed to grow linearly with etching time, so that extrapolation to zero time enabled the defect population of the coating to be determined [4, 16, 17] .
Internal stresses measurements
The in-plane internal stress state in as-grown SiO x coatings was calculated from the radii of curvature of the film before, R 1 , and after, R 2 , coating deposition, following the analysis of Röll [17] :
where E s and E c are the Young's moduli of the substrate and coating, respectively equal to 4.8 GPa and 79.5 GPa [18] , m s is the substrate Poisson's ratio, and h s and h c are the corresponding thickness. The usual convention, where compressive stresses are negative, was adopted. The radii R 1 and R 2 of samples supported freely on two vertical aluminum plates were measured with a binocular lens (Olympus SZH). The internal stress of the SiO x coatings was found to be compressive and smaller than 200 MPa, a negligible value compared to the coating cohesive strength, which is equal to several GPa as will be demonstrated later. Internal stresses will thus be disregarded in further analyses of the cohesive and adhesive properties of the SiO x /PET materials.
In-situ fragmentation testing in a SEM
Coating cohesive properties and coating/substrate interfacial shear strength were determined by means of fragmentation tests carried out in-situ in a scanning electron microscope. The method, developed for the specific case of ultrathin dielectric coatings was described in details elsewhere [15] , and a summary is given here. Gold-coated samples were clamped in a miniature tensile testing device and prestrained to 0.2 T 0.1% strain. The tensile unit was mounted in a JEOL JSM-6300F scanning electron microscope, and the sample was loaded stepwise up to predefined nominal strain levels, e. The effect of the charge dissipating gold layer on the failure of the underlying oxide film was carefully calibrated to avoid the creation of artifacts. The occurrence of damage in the oxide under tensile load was analyzed in terms of crack onset strain (COS) and crack density, defined as the inverse of the average fragment length. The crack density was then averaged over eight micrographs for the initial fragmentation stages, and over three micrographs for the largest strains.
The early stages of the fragmentation process were analyzed following a weakest link approach, assuming a Weibull-type size dependent probability of failure [19] , from which was derived the size-dependent coating cohesive strength [20] :
where l is the size of a coating element, l 0 is a normalization factor, chosen equal to 1 Am, C is the gamma function, and a and b are the Weibull shape and scale factors, respectively. For thin coatings, these two factors are usually derived from a linear approximation of the initial part of the fragmentation diagram, where the evolution of the average fragment size is reported as a function of applied strain, in logarithmic coordinates [20] . The advanced stage of the fragmentation process, when fragment size reaches a saturation regime controlled by interfacial stress transfer was analyzed following the perfectly plastic Kelly -Tyson model [21] . In spite of its simplicity, such treatment is quite robust, essentially because of the high elastic contrast between the oxide and the polymer [22] . Solving the force balance on a small coating element leads to the determination of the interfacial shear strength (IFSS):
where s is the IFSS, characteristic of the coating/substrate adhesion, h c is the coating thickness, r max its tensile strength, characteristic of its cohesion, and l c is the critical stress transfer length defined as the minimum coating length in which the maximum allowable coating stress (r max ) is achieved. The length l c is not a measurable quantity, and was related to the average fragment length at saturation, l sat , that is, the average length when an increase in strain does not lead to further fragmentation of the coating: l sat = 0.67 I l c [23] .
Results
Atomic oxygen etching
The size distributions of the defects in the oxide layer on PET with and without additives are reported in Fig. 2 , together with a log-normal distribution fit. It is important to note that the atomic oxygen etching method enabled at best the detection of defects of size larger than several tens of nanometers. Smaller defects, related to the nanoscale disordered structure of the oxide, were not detected with this method. The nanometric additives led to a marked increase in the defect density (from 179 mm À2 for PET without additives to 356 mm À2 for PET with additives), and to a decrease of the mean defect size (from 1.06 Am for PET without additives to 0.72 Am for PET with additives). In other words, such additives influenced the plasma deposition process by creating submicrometric defects of a few hundreds of nanometers in radius.
Fragmentation of the SiO x coating
The progressive damage in the 10 nm thick SiO x coating on PET films without and with additives is represented in Fig. 3 in terms of crack density vs. strain, measured in-situ in the SEM. The crack onset strain was decreased by 20% in the presence of additives, from 4.0 T 0.3% to 3.3 T 0.3%. The saturation crack density was increased from 1.2 Am À1 for the SiO x /PET film without additives to 1.45 Am À1 for the SiO x /PET film with additives (Table 2 ).
Discussion
Coating cohesive strength and coating/substrate interfacial shear strength
The mechanical properties of the coated film are summarized in Table 3 , with the Weibull parameters and the characteristic stress transfer lengths. The additives led to an increase of the shape parameter a (from 3.3 for the film without additives to 6.1 for the film with additives) and a decrease of the scale parameter b (from 6.9 GPa for the film without additives to 5.7 GPa for the film with additives). Additives induced a narrowing of the Weibull distribution, and a decrease of the average coating strength, hence of the oxide strain to failure. The latter is due to the modification of the defect population of the coating in presence of additives, and is discussed in the following section.
The higher crack density at saturation observed in the case of a PET film containing additives is a further demonstration of the decrease of the average cohesive strength of the coating, and not a result of a lower adhesion between the coating and the substrate. The interfacial shear strength (IFSS) between the oxide coating and the polymer substrate is indeed marginally increased by the presence of additives in the superficial PET layers. Moreover, in both cases, the IFSS is much larger than the bulk shear stress at yield of the substrate (approx. 50 MPa). Such very high levels of adhesion suggest that the behavior of the interfacial region is strain hardening and therefore prevents delamination [20] , thanks to a high density of covalent bonds formed during plasma deposition [6] .
Effect of coating defects on cohesive strength
In previous sections, it was found that the additives located in the superficial layers of the polymer substrate doubled the coating defect density and reduced its crack onset strain and cohesive strength. In order to analyze the relation between coating defect density and cohesive strength, a model was developed based on a study of Wu and Cheng [24] . The present approach considers two perfectly bonded layers (Fig. 4) , with an upper layer (SiO x ) containing a perfectly cylindrical hole, and a homogeneous bottom layer (PET). This approach enables the stress concentration generated by a density of non-interacting holes to be calculated.
The stresses and displacements were decomposed in Taylor series, and second-order terms in the z coordinate of the x -y plane displacements u and v were considered to satisfy all the compatibility requirements for the multilayer composite. The materials were assumed elastic and isotropic. Wu and Cheng gave a solution of the above equations by developing the stress potentials in Laurent series for the two plates of the system [24] . The coefficients of the Laurent series, {c m } 1 " , were determined by the condition of displacement continuity of the plate with the hole and the patching plate at the interface, expressed by (u c + iv c ) = (u s + iv s ) with, assuming h c Na:
and:
where u c and v c represent the spatial displacements of the coating in the x and y directions, respectively, and u s and v s the corresponding spatial displacements of the substrate. The factors G j and S j are the shear modulus and far-field stress, respectively, j j = (3 À t j )/(1 + t j ), t j being the Poison's ratio, with j = c,s for the coating and substrate, respectively. The term n = x + iy is a complex variable. The above set of equations was solved numerically using Fortran77 and a discrete mesh of the complex plane, in order to determine the {c m } 1 V series. Due to the circular geometry of the model, this was done in the (r; h) polar configuration. A uniform 1400-point mesh was considered for the h coordinate from 0 to p/2, and a geometrical series 1400-point mesh was considered for the r coordinate from 0 to 10a. The r = 10a limit was set following the St-Venant principle, which states that the presence of a defect of characteristic size a, has an effect on the stress state on a region of characteristic size 5a. This limit was verified by the present simulations, corresponding to an upper limit for the hole density equal to approx. 7000 mm À2 . After a check of convergence, the {c m } 1 V series was truncated to the 5th order in order to render the simulation possible. The stress concentration in the straining direction x was then obtained from the stress potentials following the development of Wu and Cheng. and of the bottom layer (PET) were chosen as t c = 0.2 [25] , E c = 80 GPa, h c = 12 nm, t s = 0.45 [26] , E s = 4 GPa, and h s = 12 Am. The hole radius was set equal to 1 Am, according to the oxygen atomic etching results obtained in the previous section. The maximal stress concentration is found as expected at the equator of the circular defect and is exactly equal to 3, which reproduces the well-known case of a drilled plate without a patching plate [10] .
In order to take into account the presence of circular defects in the SiO x coating, the stress concentration induced by the hole (Fig. 5) was inserted into the Weibull strength distribution equation, and the fracture probability for an applied stress r was then deduced. By reference to the weakest link model [27] , the cumulative distribution function for the whole coating G(r) is:
where the product is done on each mesh, k, of area A(k). It is important to point out that such an approach is only valid in case of non-interacting holes. Moreover, the stress concentration at a distance from the centre of the hole larger than 10 times the hole radius is considered to be negligible, and equal to one (i.e., the stress is equal to the far-field stress). In order to determine the effect of the defect density on the coating mechanical strength, the cumulative distribution function G(r) for an intact coating at a gauge length of 100 Am was compared to that of a system whose coating has the same mechanical properties (i.e., same Weibull shape factor a) but which is embrittled by a homogeneous distribution of circular defects of radius 1 Am, and of density ranging from 0 to 2500 defects/mm 2 . The function G(r) was calibrated using the properties of the SiO x /PET film without additives (i.e., a = 3.3 and b = 6.9 GPa). The evolution of the scale parameter b as a function of the density of circular defects is given in Fig. 6 , and compared to the experimental results for the SiO x /PET films. The theoretical decrease of the scale parameter with increasing defect density provides an upper bound to the experimental decrease, since real defect are not perfectly circular, and therefore are associated with higher stress concentrations. Nevertheless, it is evident that circular defects have a marked influence on the cumulative strength distribution function and decrease the tensile strength of the SiO x coating by increasing the probability of failure for a given stress applied to the composite film. As long as the limitations of the model are not reached (hole density lower than 7000 mm À2 ), the important parameter is the hole density, and not their size. This should be compared with the results obtained for gas permeation by Rossi and Nulman, who showed that for permeation, small holes are much more detrimental than large ones, for an equivalent hole surface [9] . In view of the present mechanical analysis, it is therefore essential to control both the density of nanometric defects in order to guarantee low permeation, and the density of micrometric defects in order to improve the cohesive properties of the barrier layer.
Conclusions
The influence of process additives located in the superficial layers of PET substrates on the cohesion and adhesion of thin plasma-deposited oxide films was investigated by means of uniaxial fragmentation tests in-situ in a SEM. The defect population was determined using a reactive ion etching technique, and theoretical calculations were carried out to determine the effect of defect-induced stress concentrations in the coating. It was found that:
The presence of additives in the superficial layers of PET substrates doubled the defect density in the oxide coating and led to a 20% decrease of coating strain to failure. This was due to a decrease in the average strength of the coating resulting from stress concentrations at microdefects, as shown by calculations based on a Weibull probability of failure;
The shear strength of the SiO x /PET interface was not affected by substrate additives, and was larger than the substrate yield shear stress, which suggested that a high density of covalent bonds were formed at the coating/ polymer interface during plasma deposition.
